The role of children's activities in leading to pesticide exposure was evaluated by comparing pesticide loadings on the hands of children with the activities of the same children observed over a 4-h period. In all, 10 children ranging in age from 24 to 55 months were videotaped on the second day following a routine professional crack and crevice chlorpyrifos application in their homes. Before and following the video session, the children's hands were rinsed in isopropyl alcohol. Thus, only the chlorpyrifos that accumulated on and remained on the child's hands during the videotaping were removed for analysis after the videotaping session. The rinsate was analyzed for chlorpyrifos. The children's behaviors were quantified using virtual tracking device and the frequency and duration of behaviors, the hourly rate of behaviors, and the locations in which behaviors occurred were compared to hand loadings of pesticides. Pesticide hand loadings obtained following the videotaping sessions were associated with pesticide levels on surfaces and toys, but not with air levels. Pesticide loadings obtained following the videotaping sessions were also associated with frequencies, durations, and hourly rates of contact with bottles, and object-to-mouth behaviors, as well as contact duration with upholstered/textured surfaces. The hand loadings were also associated with the number of locations where the children exhibited object-to-mouth behavior and with children's use of house space during the videotaping sessions.
Introduction
Concerns about children's exposure to pesticides in the home have evolved from several areas. Pesticides are commonly used in homes in the United States (Davis et al., 1992; Whitmore et al., 1994; Whyatt et al., 2002) . In urban rental units, pesticide treatment may be done by professionals according to a regular schedule, while in owner-occupied homes, pesticide use may be reactive or on an as needed basis. The postapplication persistence and mobility of pesticides indoors may increase opportunities for children's exposure (Fenske et al., 1990; Camann et al., 1994; Lewis et al., 1994; Gurunathan et al., 1998) . Children in the NHEXAS-Minnesota Children's Pesticide Exposure Study were found to have higher levels of the chlorpyrifos metabolite TCPY than had been previously reported by any other study (Lioy et al., 2000; Freeman et al., 2001b) and the absorbed daily dose (ADD) for a number of children in Arizona exceeded the RfD for a range of pesticides (O'Rourke et al., 2000) . In addition, The National Health and Nutrition Evaluation Survey (NHANES) found that biomarkers for a range of organophosphate pesticides are higher in children aged 6-11 years than adults (C. D.C., 2003) , suggesting that dietary and/or residential exposures of children are greater than those of adults. NHANES did not collect measurements for children under 6 years of age.
The impact of children's activities on exposure to environmental contaminants is evident from studies of lead exposure where hand-to-mouth activities and hygiene practices have been associated with elevated blood lead, hand lead levels, and levels of lead on food (Charney et al., 1980; Bornschein et al., 1985; Bellinger et al., 1986; Freeman et al., 1997 Freeman et al., , 2001a . Detailed analyses of children's activities through videotaping (Zartarian et al., 1995 (Zartarian et al., , 1997a (Zartarian et al., , b, 1998 Reed et al., 1999; Akland et al., 2000; Tulve et al., 2002) have found that there is a wide range in the rates and durations of contact activities among young children. To date, the integration of the quantified behaviors obtained from video tapes to children's nondietary exposure assessment has not been done, although the importance of children's activities on exposure has been recognized by EPA (Cohen-Hubel et al., 2000) and data from the videotaped studies have been incorporated into the EPA's Child-specific Exposure Assessment Handbook (E.P. A., 2000) and into EPA exposure models (Ozkaynak, 1999; Zartarian et al., 2000) .
This study attempts to integrate on a small scale the above components and examine the relationship of residential pesticide treatment and children's activity patterns on children's exposure to a former commonly used residential organophosphate pesticide (chlorpyrifos). Specifically, we evaluate the contribution of the child's contact frequency and duration with a variety of substrates in the home and the locations where these contacts are made to pesticide loading on the children's hands 2 days after a routine professional pesticide application had been made in the home.
Methods

Subjects
A total of 10 children (six boys and four girls) from 10 homes participated in this study. The children, mature toddlers and young preschoolers, ranged in ages from 24 to 55 months (mean 42.478.7 months). This was a convenience sample based on parent's willingness to participate in the study and to have their regularly scheduled pesticide treatment supervised by our study team.
Pesticide Application
Chlorpyrifos was applied in an aqueous solution by a licensed applicator as a crack and crevice spray (Hore, 2003) . The location of the application was monitored and both linear distance of application around rooms and surface area of treated rooms were calculated. Samples of the applied solution were obtained and analyzed to verify the concentration used in the application. The homes varied in size from two to six rooms, exclusive of bathrooms. The pesticide was applied in the nearly every room in the 10 homes. In three homes, the bathroom was not treated, and in four homes the parents' bedroom was not treated. The families were out of the home during crack and crevice application and re-entry 3 h after application was according to the manufacturer's instructions. Child 10 remained in the home during application in an area that was not treated.
Observations
Children were videotaped for 4 h during the second day after pesticide treatment of their homes. Immediately prior to the start of taping, the children's hands were rinsed in isopropyl alcohol, washed with water, and dried to provide clean hands for the videotaping period (Edwards and Lioy, 1999; Lioy et al., 2000) . For seven of the children, approximately 1 h into the videotaping period, their hands were again rinsed and dried. Following the completion of the 4 h of taping, the children's hands were again rinsed with isopropyl alcohol. By washing the hands prior to and following videotaping, the pesticide loadings that adhered to the hands during the videotaped time period could be obtained and related to the frequency and duration of the children's activities, to the surfaces contacted, and to the locations where the children spent time.
Children's activities recorded on the videotape were transcribed using virtual timing device (VTD) Macintoshbased computer program as has been reported elsewhere (Zartarian, 1997a (Zartarian, , b, 1998 Freeman et al., 2001b) . Transcription coding is conducted by using the computer mouse to score the location, activity level of the child and specific hand contact events that are observed on the videotape. The VTD program requires that coding occur in a specific sequence so that if there are three grids, the first needs to be marked before the second or third. All grids need to be marked before a contact event is recorded. The minimum duration contact that the program recognizes is 1 s. Contacts shorter than 1 s are coded as zeros. The output of the program is a text file listing information about the video and child that have been keyed in at the time of transcription, and columns based on the categories of the three grids and the duration of each contact event in last category. The events are listed serially, and the text file can be easily moved into Excel format. The videotapes were transcribed for both the left and right hand.
Exposure Metrics
Pesticide hand loading removed from the child's hands following each videotaping period was used as the primary metric of exposure. Children's hand surface areas were measured from tracings of the hand outline on graph paper (Lioy et al., 2000; Freeman et al., 2001a, b) . Pesticide hand loadings were obtained by dividing the amount of pesticide removed from the hand through the hand rinse by the individual child's hand surface area.
Environmental measures of chlorpyrifos were obtained from air, smooth surfaces, textured surfaces, and toys throughout the entire study that lasted 14 days for each child (Hore, 2003) . Air samples were collected daily using a Harvard sampler with a pump rate of 10 l/min and a PM-10 inlet was used with a collection cotton linter filter impregnated with activated carbon. Smooth surface samples were collected from 100 cm 2 areas of floor surfaces in the kitchen/ living room and the child's bedroom using a modified LWW sampler (Edwards and Lioy, 1999; Lioy et al., 2000) . The filter media used to collect the sample was Empore C18 disks moistened with 2-propanol. Pesticide measures from two types of textured materials were obtained: small stuffed fabric toys and cotton gauze pads. These two types of sampling media were used as indicators of pesticide loadings on carpets, textured surfaces, upholstered furniture, as well as soft toys. These materials were introduced into the home after postapplication re-entry and had been in the home for approximately 48 h before collection on day 2 postapplication.
Hand Rinse Collection
Hand rinses were collected prior to the start of videotaping and immediately after completion of videotaping for all 10 children. In addition, for seven of the children, the videotaping was interrupted after approximately 1 h and an additional hand rinse was collected. This produced a total of 17 periods during which the hand loading of pesticide could be related to the specific contacts of the child with objects and surfaces in the home.
Hand rinses were collected according the methodology used in the NHEXAS Minnesota Children's Pesticide Exposure Study (Lioy et al., 2000) , and in the Rio Bravo pesticide exposure study (Shalat et al., 2003) . The child's hand was placed in a ziplock bag containing isopropyl alcohol. From outside the bag, the fluid and hand were rubbed together and then child's hand was withdrawn from the bag. After the child's hands were removed from the alcohol wash, they were washed with soap and water and dried. The use of isopropyl alcohol for hand rinses was approved by the Robert Wood Johnson Medical School Institutional Review Board. Owing to the short duration of the cleaning event (less than 1 min) and the followup washing and drying procedure, the use of alcohol was not thought to strip significantly the child's hands of protective oils.
Sample Analysis
Pesticide extraction, reduction and analyses for air, hand rinse, wipe, and toy samples were carried out using the methodologies reported previously (Gurunathan et al., 1998; Edwards and Lioy, 1999; Lioy et al., 2000) . Methodology for gauze pads was developed during Hore thesis work (Hore, 2003) . Briefly, the extraction, reduction, and analyses were as follows. The LWW C18 disks and cotton gauze samples were put in sample vials with 2-propanol to which external standards, fenchlorfos and trichloronate, were added. The LWW samples were extracted by sonication in an ultrasonic bath, and the gauze pads were extracted by sonication with reduction in a Rapidvap evaporation system. The extractant was analyzed for chlorpyrifos using an HP gas chromatograph with electron capture detector. The concentrations were calculated using HP ChemStation. The cloth toy samples were extracted in hexane with two external standards, fenchlorfos and trichloronate, and the extractants were reduced and concentrated in a Rapidvap and analyzed using an HP gas chromatograph with electron capture detector, following the protocol used by Gurunathan et al. (1998) . The concentrations were calculated using HP ChemStation. The collected alcohol hand rinses also had two external standards added and the solution was reduced in volume using Rapidvap and analyzed in the same manner as the environmental samples. Air sampler filters were extracted with toluene to which the internal standards, fenchlorfos and trichloronate, were added and extracted through sonication in an ultrasonic bath. The resulting liquid was concentrated by nitrogen evaporation and analyzed by HP gas chromatograph with electron capture detector.
Statistical Analysis
Nonparametric statistical tests were used because of the small sample sizes and non-normal distributions of many of the measures. Comparisons were made between 1, 3, and 4 h hand loading samples and quantified behaviors obtained from the video tapes to determine whether the data could be combined. Spearman's correlations were conducted between exposure measures and quantified activities. Mann-Whitney U test was used to determine relationships between independent subgroups and Wilcoxon matched pairs tests were used to evaluate handedness of children's activities.
Results
Pesticide Application and Exposure Metrics
While the concentration of applied pesticide was supposed to be similar in all houses, measurement of the solution collected at the time of application and levels in air and on surfaces determined that the concentration applied differed substantially across homes (Hore, 2003) . Concentration levels ranged from 0.035 g/m of linear treated surface to 1.62E-08 g/m of linear treated surface, and three homes had much lower levels of application than the rest of the homes, and were undertreated based on the manufacturer's instructions. By day 2 postapplication, the measured pesticide levels between high-and low-treated homes were still statistically different for air samples (high-median 194.8 Post videotaping, the pesticide hand loadings were significantly correlated with all exposure metrics collected 2 days after the application except air samples ( Table 1) , suggesting that the exposures could be attributed to multiple home contact pathways. Hand loadings that were collected prior to videotaping were also significantly correlated with applied concentrations, and pesticide loadings on LWW wipe samples, toys, and gauze pads.
Comparison of hand loading after 1 h of videotaping and after 3 h of videotaping found that the median pesticide hand loading were 1.7 and 2.2 ng/cm 2 and were not statistically different (n ¼ 7, Wilcoxon test, 1 versus 3 h, P ¼ 0.128), suggesting that maximum hand loading was obtained during a time period less than 1 h. There was also no difference in the hand loadings obtained between 3 and 4 h (MannWhitney test, n ¼ 7, 3, P ¼ 0.383). Based on these results, comparison of hand loadings with activity patterns was conducted for all 17 observation periods.
Activity Patterns
Transcription of the videotapes used the following format (Table 2) to quantify the children's behaviors. The VTD program had the transcriber key in the child's location, the activity level of the child, and the specific contact activity the child was doing. The duration of each contact event was based on the interval between each subsequent contact event and the shortest measurable duration was 1 s. The videotapes were coded for both the left and right hand.
Activity level categories were defined based on the following criteria. Resting included lying down or sitting quietly, active included running, jumping, climbing, riding tricycle, and moderate activity included all activities not included in either resting or active categories.
Most of the contact categories are self-explanatory, while others covered more than the abbreviated notation might indicate. ''Hand to mouth'' including placing fingers on lips, putting fingers into the mouth, and licking fingers or hand. It also included mouthing other people's fingers or hands. ''Object to mouth'' also included object to lips, whether or not the object entered the mouth. ''Object'' included toys, pencils, any object that could be manipulated by the child and that was not food or in the bottle category. ''Bottle'' included bottles, pacifiers, and food dishes although in most cases it was bottle. ''Textured surfaces'' included bedding, curtains, and fabrics not included in ''carpet'', ''clothes'', or ''upholstered furniture''. Contacts with textured surfaces and upholstered surfaces were highly correlated (Po0.001). For the purpose of this analysis, textured surfaces and upholstered furniture were combined.
The distribution of children's activities throughout the house was quantified in nine locations (Table 3 ). The majority of the observation period was spent in the kitchen, living room, parent's bedroom, and child's bedroom. All of the children spent some time in the kitchen. In this small sample of urban children, only three children spent time outside the home on a porch, patio, in the yard, or on the sidewalk. These children spent 21, 56, and 57 min of the 4 h period outdoors. On average, children used five locations during the observation period (range 2-8). In two of the homes rooms served multiple purposes. In one case, the living room was also the child's bedroom, and in the other case, the living room and kitchen were the same space, and there was only one bedroom used by family members. Children did not necessarily use every room in the house. In some homes, specific rooms were off limits or in the case of dining rooms, did not exist.
Given these constraints, it was found that the number of locations used did not vary across the 1, 3, or 4 h observation periods. However, it was found that how often the child moved from one location to another location over the observation periods did vary considerably. Over the complete 4 h of observation, the median number of changes in location was 156 and ranged from 84 to 215 location changes. During 1-h observations, children moved from one location to another at an average of 35 times, during 3-h observations 106 times, and for the three children who were observed for 4 continuous hours, the average change in location was 160 times. The rate of location change per hour was found to 38.4 times per hour over the 17 observation periods and did not vary significantly based on the length of the observation period (P40.10). While statistically it would appear that children were on the go constantly moving from one room to another about every 1.5 min, this was not the case for all children. Many of the children spent substantial periods of time in one room between bursts of activity in which many rooms were explored in a short period of time.
The video transcribers made qualitative assessments of the children's activity level. High-level activities were ones that were thought to raise respiration or heart rate such as running and jumping. The vigor of the children's activities was sometimes vertical in nature, such as in jumping on furniture or bed, or could be horizontal such as riding a tricycle or running up and down the hallway. It was determined that high activity levels and the rate at which the children moved through space from one location to another were not associated (r s ¼ À0.281, P ¼ 0.431).
In each location, there were opportunities for the child to touch or mouth a wide range of surfaces and objects, and most children did so. Contacts with objects and surfaces were quantified in terms of frequency and duration. The duration of most contact events was very short (2-3 s). The duration of three types of contacts tended to be longer. Median contact duration with bottle was 7.5 s (maximum event contact duration range across the 10 children 31-250 s), contact with food 4.5 s (maximum event range 28-498 s), and contact with objects 4.5 s (maximum event range 104-1319 s).
Contact frequencies tended to vary with the length of the observation period with longer periods affording more opportunities for contacts. The frequency of contacts and the duration of the observation period were used to calculate hourly contact rates for the variety of objects and surfaces the children touched (Table 4) . Since some of the observation periods were approximately 1 h, others 3 h, and still others 4 h in length, Wilcoxon test was used to determine if the contact rates differed based on the length of observation for the children who were observed for 1 and then 3 h and Mann-Whitney test was used to determine if the contact rates differed for children observed for 3 or 4 h. Contact rates for most contact materials did not differ across observation period for left-or right-hand contacts. For children observed for 1 and 3 h, those contact behaviors that showed an increase in hourly rate included floor contact (median 6.0-26.8/h, P ¼ 0.018), textured surface contact (median 8.8-55.0/h, P ¼ 0.018), and skin contact (13.9-59.1/h, P ¼ 0.028). Comparison of contact rates between children observed for 3 or 4 h found no significant differences (MannWhitney tests, P40.05). In addition, nearly all of the contact rates exhibited symmetry between left and right hands and were significantly correlated (r s 40.633, n ¼ 10, Po0.048). Handedness was observed for only three types of contacts: food and bottle contact, and object-to-mouth behavior (Wilcoxon tests, Po0.03). Part of the handedness of object-to-mouth behavior may have been an artifact of the way the behavior was coded. When the children held food Table 3 . Mean (SD) and median (range) percent of time spent in nine locations and the mean (SD) and median (range) hourly rate of entry into each location during the 4 h observation period (n ¼ 10). with both hands, it was coded as being only the right hand. Several variables were infrequently observed. These included contact with dirt, grass or vegetation, pets, and water/ beverage. The lack of contact with dirt, grass, or vegetation was related to the lack of outdoor activities by these children and the urban character of the outdoor environment for those children who did go outdoors. The presence of ''carpets'' and ''pets'' were house dependent.
Since the children spent time in multiple locations, analysis was conducted to determine if children exhibited more specific contact activities in some locations compared to others. Contact with ''food'' and ''bottle'' were expected to be found predominately in the kitchen. While the contact frequencies tended to be higher in the kitchen, children handled food and bottle in many other locations as well: living room, dining room, parent's bedroom, child's bedroom, yard, and porch.
Application Rate, Exposure Metrics, and Activity Patterns
The amount of time spent in specific locations was not significantly associated with hand pesticide loadings (Table 5) . Since in this study nearly all rooms were treated with pesticides, this is not surprising. In addition, the time spent in a location does not describe how the child interacts with his/ her environment within that location. Two location variables that were associated with hand pesticide loading were the number of changes in location that the child exhibited during the observation period and the number of locations in which object-to-mouth behavior was observed. The correlation between these two variables was significant (r s ¼ 0.697, P ¼ 0.002) suggesting that the children who were moving frequently through room locations were frequent mouthers. Object-to-mouth behavior in three locations, the child's room, living room, and parent's room, contributed to the object-to-mouth association with hand loadings.
Comparison of pesticide hand loadings with observed contact frequencies, durations, hourly rates, and hourly durations found that there were significant associations between hand loading and object-to-mouth and bottle contact behaviors (Table 6 ). These behaviors also were correlated with each other suggesting that once the bottle was in the hand it then went to the mouth. In addition, duration of contact with textured surfaces was associated with hand loading but not the frequency of textured surface contact. Further exploration of the data found that hand loadings were specifically associated with contacts with textured surfaces in the living room, but not in other rooms. In reviewing the video tapes, the linkages of these behaviors become apparent. For some children, the living room is where the child spends a good deal of quiet time watching television. During these time periods, the child is typically contacting textured/upholstered surfaces on furniture and often has a bottle or pacifier in hand or is mouthing toys. This constellation of behaviors did not Table 4 . Contact behaviors of 10 children over a 4-h period, mean (SD) and median (range) right-hand contact frequency rates (contact frequency/ h) with various materials, the median ratio of right-to left-hand contact frequency rates (range), and the Pearson's correlation coefficient between left-and right-hand contact frequencies. Children's pesticide exposure Freeman et al. typically occur in other environments other than the parents' bedroom.
In a stepwise multiple regression incorporating the significant environmental and behavioral measures from the correlations, frequency of bottle contact explained 61% of the variance of pesticide hand loading, and the other variables were eliminated. As the variable ''bottle'' represented several objects that might have differing influences on exposure, the regression analysis was run without ''bottle'' as a variable. In this case, only ''number of object-to-mouth locations'' showed a significant influence on hand loading, explaining 47% of the variance in hand loading. After removal of ''object-to-mouth location's'' from the mix of variables in the regression model, ''object-to-mouth'' frequency and pesticide loading on soft toys explained 53% of the variance of pesticide loading on hands.
Discussion
Hand pesticide loadings were associated with pesticide loadings on smooth (LWW sampler) and textured surfaces (soft toys and gauze pads). Loadings were also associated with contact with bottles, duration of contact with textured surfaces, and object-to-mouth activities. The significant association between hand loading and the observed frequency and duration of object-to-mouth and bottle contact suggests that the length of the observation period is important for exposure because it records the contacts than can lead to pesticide exposure. At the same time, higher hourly rates of these behaviors indicate that frequency of contacts with multiple substrates also contributes to exposure. Children who exhibited object-to-mouth behaviors in many locations had higher hand pesticide loadings than children with fewer mouthing locations. It is unclear from this small sample of children how the repetitive use of many locations influences children's hand pesticide levels since in these homes nearly all rooms were equally treated with pesticide. In stepwise multiple regression models, the children's activities were the major contributor to hand loading. The lack of stronger associations of hand loadings and activities may be due to the fact that very few contacts are necessary to load maximally the hand with pesticides (Rodes et al., 2001) or due to the small size of the study population.
The intention of the study design was that all homes be professionally treated with the same concentration of pesticide. This did not occur and statistical comparison of hand rinses and activities for those homes with similar conditions and repeated hand rinses at 1 and 4 h would have been challenging since only four homes met those conditions.
It should be noted that the professional method of application used in these homes where crack and crevice was carried out in nearly every room is not typical of residential self-application. When householders apply pesticides, it is typically in the kitchen and less often in other rooms (Freeman et al., 2004) . Since the kitchen is a focal area for children's activities as well as the primary eating area, the potential for exposure under some circumstances may be greater in the kitchen. This was not found in this study where pesticides were applied throughout the house and where there were few locations in the home where the child might spend time, contact objects or surfaces, or eat where exposure was not possible.
The fact that some behaviors were associated with pesticide hand loadings may be by chance based on the number of comparisons that were done. On the other hand, the behaviors that were associated with hand loadings, handling bottle, object-to-mouth behavior, and mouthing throughout the home, are those that are most likely to increase moisture levels of the hands. Camann et al. (1996) and Rodes et al. (2001) have observed that dust loadings on hands can increase 100 fold if the hands were moist compared to dry hands. We did not assess the moisture content of the hands during this study. However, the basic conclusion is that we can link a child's activities to the pesticide loadings on the hands. Multiple residential exposure pathways, as represented by smooth surfaces, textured surfaces, and toys, can lead to loadings on the hand, but they must be related to the activities conducted by the children and how the children interact with their environment. The work presented here has not been subjected to EPA or Dow-Agro review and therefore does not necessarily reflect the views of either the agency or the corporation.
